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I. INTRODUCTION

Once-through type boiling 1igquid metal heat transfer rates and associ-
ated two-phase flow dynamics have been the subject of a large number of
experimental and theoretical studies during the past decade since the
initiation of the development of various Rankine cycle SNAP power conversion
systems, Difficulties were encountered in achieving rated boiling heat
transfer fluxes in NzK heated once-through mercury boilers. These difficulties
were encountered to various degrees in mercury flow passages made of 316 SS,
Haynes-25 and 9Cr-}o alloys. Regardless of the material used for the mercury
flow passage, some of these boilers dewonstrated initial performance character-
istics up to design expectations although the length of the required condition-
ing period varied. Others did not approach the design expectations after
hundreds and even thousands of hours of continuous operation. This was believed
to be cazused by nomwetting, surface contamination, and/or liquid phase slug
formation due to absence of early vortex flow establishment in the flow passage

next to the liguid-vapor interface.

Several supperting programs were concucted in conjunction with SNAFP-8
boiler development aotivity to investigate these possible causes. The effects
of additives on wetting during mercury pool boiling heat transfer were evaluated(Z)
On the basis of the results of this study, rubidium was added to the mercury in
amounts up to 860 ppm. The predicted boiling heat transfer rates were achieved
after addition of the Rb in a SNAP-8 full-scale boiler initially operating at
a highly deconditioned state for several hundreds of hours. To investigate the
effect of elevated liquid phase vortex flow velocity on the ovarall boiler
Performance, a tight preieat section plug insert geometry, providing a 1ijuid
Phase velocity of 7.0 ft/sec, was initially tested in an experimental boiler
originally performing in &« deconditioned state. The results showed immediate
improvement in obtained boiling heat transfer rates and the boiler performance
stability. The boiling heust transfer rates as represented by the boiler Nak

NOTE: Superscript numbers in parentheses refer to similarly numbered
references listed following the text.




temperature profile epproaches the design expectations. The boiler exit pressure
P fluctuations were reduced to a negligible value. This initial qualitative evi-

dence prompted further investigation of the SNAP-8 boiler design concepts.

II. PURPOSE

The object of this experimental study is to investigate the thermal and
dynamic performance characteristics of different "once-through" type boiler plug
insert geometries.% The availability of design data in this area is very limited,
yet these data are very important in controlling the thermodynamic behavior of a
boiler such as that used in SNAP-8 and similar Rankine cycle power conversion
systems. Since most of these boiler initially exhibit deconditioned boiler
characteristics to some extent, it is of particular interest to investigate the
effect of different working fluid dynamic aspects in the plug insert section.
Initial positive evidence of qualitative value warranted further investigation into
this boiler design area.

ITI. DESCRIPTION OF TEST APPARATUS

A. LOOP DESCRIPTION

CL-4 was designed to simulate the SNAP-8 dynamic cycle conditions for
. corrosion study. It is a three-loop system, which consists of a hezated primary
circulation NaK locp, coupled through a boiler simulated mercury Rankine-cycle
loop which in turan rejects its heat through the condenser to an air cooled circu-
lating NaK lcop. The following operating ranges were used for the boiler plug

insert experiment:

NaK Primary Loup

Boiler inlet temperature 1,330°F
NaK flow rate 2,050 1b/hr max.
Heater power input : 35 kw max.

Mercury Loop

Mercury flevy 500 1lb/hr nominal
Boiler inlet temperature 500°F

Boiler inlet pressure 500 psia max.
Boiler outlet pressure 1CO0 psia min,

* Such a geometry consists of a helically wound wire on a solid bar
closely fitted and inserted in a mercury tube. The resulting
flow passage is of a helical pattern.
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Figure 3.1 is the flow diagram of the loop and Figure 3.2 is the

schematic arrangement of the loop. Ths three loop system was constructed to

jon

high-vacuum standards

1. Primarv 172K Looo

The NaK primary loop employs a direct resista
which low voltage electrical currsnt is passed through the NNaK carrying tube and
the NaK. The heater is in a coiled configuration with the two grounded leads on
the loop side and an insulated low voltage lead at the mid-point of the coil,

Since the resistance of each leg is fixed, the power input is varied by control-

ling the voltage across the terminals. The voltage is regulated with a2 saturable
core reactor transformer. An electromagrnetic pump maintains the NaK flow which

is measursd by a magnetic flowmeter. A purification system is employ=d to
reduce and maintain the system's oxide level to less than 25 ppm. Other major
components in the loop include a level indicator, expansion tank, dump tank,

and a cover gas systemn.

2. NaK Condensing Loop

Major components of the NaK condensing loop consist of a
conventional air cooled finned tubes heat exchanger, a magnetic flowmeter, and
an electromagnetic pump. A convective type cold trap is employed to maintain a

low oxide level in the loop.

3. Mercury Loop

The mercury locp uses two Chempump¥ Model CFHT-7 1/2 65 (one on

a standby basis) for pumping the liguid mercury. A venturi flowmeter is used +o
measure mercury flow rats. Two semi-standard valves are used for control purposes
and for imposing a resistance between the pump and boiler. An adjustable choked
nozzle is located downstream of the boiler outlet for the regulation of boiler

outlet pressure. The adjustable choked nozzle is a convergent-divergent nozzle

in which the throat area may be varied with a moveable pintle. The mercury vapor

is then passed fthrougn a desupsrheater and a turbine blade mockup section before

*Manufactured by Chzmpurp Division of Foctorla Corp., “uw*lnvaon Valley, Penn.
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entering the condenser. The desuperheater and the blade mockup are not necesc

W

rner
=
for the boiler experimeni, bubt were originally designed for corrosion study. The
NaK-cooled mercury condsnser is a counter-flow heat exchanger consisting of three

tapered condensing tubes with a straight length for subcooling.

The rest of the mercury loop consists of semi-conventional
liquid metal components such as bellows sealed valves, electrical resistance

level probes and a cover gas system.
B. BOILER DESCRIPTION

The mercury boiler is single-pass counter-flow tube-in-shell heat
exchanger wound into helix form with a protruding inlet and outlet. Figure 3.3
shows the boiler. The mercury flovs in the tube and the Nak through the annulus
passage. An inlet plug is inserted into the straight part of the pfotruding
mercury inlet section to increase the liquid mercury and low quality helical
velocity. A spiral wire vortex-generator is installed in the coiled mercury tube
to promote heat transfer. Spacers are used to center the mercury tube in the
anmilus. The NaK inlet and outlet are located near the ends of the shell.

The boiler configuration and geometry are as follows:

Mean helical coil diameter --- in e mmmmmmmmemn 18
Helical shell pitch --- in =----=-----o---omm-oooom--ooooomos 1-3/8
Shell size --- in ==-=-=---==--==-= 1-1/8 0,D. x 0.083 wall x 9.959 I.D.
Tube size --- in =-=-=-------=----= 9/16 0.D. x 0,0832 wall x 0.397 I.D.
Vortex wire diameter --- in ---=--=--------oom---mmmosoooomos 0.049
Vortex wire pitch --- in ------=-=----------=-=-------moToo oo 1.5

Coil tube length --- ft ------------=-----------=-momoommmmoo 55
Straight tube length --- ft --------------=-------=-""=="=""=" 5

Tube materigl ------==--=m--=-me--eee———o——--oo-oooosessoooooos 9 CR-1Mo
Shell maberial =—-=--=-==m====-m-=----=-=----------osooomoo-oos 316 SS

The boiler was installed in a metal tank asserbly and insulated with about
6-1/2 inches of fused alumina bubbles. Six 1/2 in.-thick layers of fiberflax
insulation was affixed to the outside of the boiler supporting tank assembly.

The test runs and corresponding plug insert geometries tested are listed in
Figure 3.4.

e 2 e e e~ <o g b e e e T Tt [ S ST T Y i 9




C. BOILER TEST INSTRUMEIITATION

1. Temperature Measurement

The NaX boiler inlet, outlet, and the boiler shell temperatures
are measured by 1/16" diameter, stainless steel sheathed, MgO insulated thermo-
couples. These thermocouples have ungrounded junctions, and are attached to the 316
stainless steel tube as shown in Figure 3.5. The NeX boiler inlet temperature is
measured by three thermocouples attached circumferencially at the tube 18" from
the boiler. The boiler outlet temperature is measursd by a thermocouple located

at about 9" from the boiler shell. Location of thermocouples along the 60 feet

boiler is as follows:

Thermocouple Distance from Boiler

No. Inlet Tube Sheet (in.) Remarks
1 35.5 Straight section
2 L0.5 "

3 45.5 !

L 50.5 "

5 55.5 !

6 60.5 "

7 75.5 "

8 116.5 Coiled section
9 154.5 !
10 201.5 "
11 227.5 "
12 268.5 "
13 306.5 "
1k 350.5 "
15 390.5 !
16 La7.5 "
17 460.5 "
18 570.5 , :
19 592.5 "
20 639.5 "
21 669.5 ¥



Thermocouple Distance from Boiler

No. Inlet Tube Sheet (in.) Remarks

22 718.5 Coiled section
23 732.5 "

2l 733.5 "

The mercury inlet and outlet temperatures are also measured
by Chromel-P-alumel 1/16" diameter, MgO insulated, stainless steel sheathed
ungrounded thermocouples. The boiler'inlet thermocouple is welded to the tube
wall 10" from the boiler inlet. The boiler outlet temperature thermocouple
is an immersion type installed 15" downstream of the boiler as shown on Figure

3.6.

Four Pace lSOOF reference junctions are utilized to condition
the thermocouple signal. The NakK shell temperatures are recorded on a Leeds
and Northrup 24 point O—lSOOOF. 12" scale strip chart recorder. The NzK boiler
inlet temperature is recorded on g Daystrom Weston 24 point, 15OOF.-15000F. L
scale strip chart recorder. The NaK boiler and the mercury boiler outlet tem-
Perature are recorded each on Motorola 2 point, 150°F.-1500°F. L" scale strip

chart recorders.

2. Temperature Measurement Accuracy

The thermocouples carry a manufacturers accuracy guarantee
of * L°F from o°F to 53OOF, and * 3/L4% above 530°F. The Leeds and Northrup and
Daystrom Weston records are periodically calibrated against a Leeds and Northrup
Portable potentiometer standard to an accuracy of l/h% of full scale. The
Motorola temperature recorders are setup to an accuracy of l% of full scale, but

overall readout accuracy is judged to be approximately 2%.

3. Pressure Measurement

The boiler inlet, outlet, and the two pressure taps in the

instrumented plug are measured by 0-500 psia range, unbonded type strain ga

ge
transducers. Solid state stable bridge supplies provide 6 v, dc exatation to
each transducer. The output signal from each transducer is amplified to the

desired level and transmitted to the indicators. These Pressure readouts are



indicated on Motorola L" scale strip chart recorders that have null valance
potentiometer type movements. In addition, these pressures are also transmitted
into a "Honeywell Visicorder" which is & mirror galvanometer ocillograpn using
"Instant Trace" paper. The Visicorder serves to cneck the small scale Motorola
recorder as well as indicating the amplitude and frequency of the recorded

pressure. Two 10" diameter 0-L400 psig, 1/4% accuracy Heise gauges are also

.connected in parallel to the pressure taps of the instrumented plug.

The transducers are calibrated when a new plug insert is

installed. Calibration of the transducers is accerplished by applying regu-
lated nitrogen gas at the transducer bressure connection, this pressure is
simultaneously monitored on a Bordon tube test gauge of traceable accuracy.
Several pressure increments throughout the operating range are epplied, and the
indicator readings recorded. Correction curves are drawn from the results and
used to correct subsequent test data. The initial accuracy of each pressure
measuring system is found to be the resolution accuracy of the indicator and

is within 1% of full scale.

L, Flow Measurement

An ASME standard venturi flow meter with the throat diameter
of 0.100" is used for metering mercury flow. The differential pPressure across
the flowmeter is parallel to an electronic transducer and a preumztic transmitter.
The electrical output signal from the transducer is Tthen amplified and indicated
on a Motorola 4" strip chart recorder. The pneumatic transmitter output signal
of 3-12 psig is transmitted directly to a 12" circular recorder indicator.
Periodically, these recorde: readouts are calibrated against known mercury flow
rates which are within the test run operating rangs. The calibration flow rate
is established by accumulatiag a given weight of mercury on a scale over a

measured time increment. The maximum overall error in weight flow is % L9.

The NaK flow is measured by a permanent magnet flowmeter
manufactured by MSA Research Corporation. The flowmeter de output is amplified
and indicated on a Motorola 4" strip chart recorder indicator. The recorder
accuracy is approximately 1% full scale. The overall NakK weight flow accuracy

is estimated as * 2%.
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Iv. OPERATICI

The pretest preparation includes the instrumentation installation and cali-

bration, mechanical checkout and

=2

paS

alibra

@]

ion, and loading of three loops. This

preparation is accomplished in accordance with Reference 5
A, BOILER STARTUP

The temperature of the NaK in the primary loop is slowly raised up
to ll5OOF measured at the boller inlet. Four hours is usually required to resach
this temperature. During the heating up period, the primery NaK pump is started
and flow is slowly increased to a maximum of 2050 lb/hr, and a vacuum of approxi-
mately 10-20 torr is maintained in the mercury loop to degas the mercury boiler.
A dry ice in acetone trap between the mercury loop and vacuum pump collects any
mercury or condensible vapors. Upon reaching the NaK temperature of 1150 F the
mercury loop is sealed and the vacuum system is removed. The mercury pump is
started initially into a bypass system and then injected into the boiler. The
adjustable choke nozzle is in the fully open position during the hot start. An
approximate mercury flow rate of 200-350 Jb/hr is circulated through the boiler.
When the flow is stable the NaK beiler inlet temperature is slowly increased to
the test conditior. The mercury system is allowsd once more to stabilize. To
obtain the desired pressure at the mercury boiler outlet, the adjustable chcke
nozzle is gradually closed. Normally, the time elapsed from mercury injection
to.the first test point 1s about two hours and during this period regular ciser-
vations are made to monitor the boiler NaK shell temperature and other test

parameters.
B. TEST RUNS

When a test program is designed, the order in which the test points
are run 1s considered czrefully since it is desired to have the least temperature
disruption in the boiler. Once the test point conditions are acquired and the
‘boiler temperature appears stable, it i1s standard practice to allow the NaK shell
temperature profile to remain stable for at least thirty minutes tefore the data
is taken. To further substantiate the data validity, several test points are

repeated at the end of the test.

Acknowledgemant: The boiler plug insert p
D

tests were performed by
E. McDaniel, B. Farwell, A, Herd:, J. Ral e

ron and M. Wong.
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C. SHUTDCWII

For a normal shutdown, the mercury flow into the boller is first
valved off and the primary #aK is allcowed to circulate. Power to the heater is
shutoff as soon as the mercury flow into the boiler is stopped. The NaK flow

. . . . S oo . o
is continued until the boiler inlet temperature is cooled down to about 600°F by

natural convection. After the boiler is coocled to room temperature, the vacuum

15-20 torr is maintained until the next startup. If a prolonged shutdown or a

plug insert change 1s schedulsed, an argon cover gas of a slight positive pressure

o

is applied and maintained on the mercury loop and boiler at all times,




V. TEST DATA REDUCTION

The test data reduction and analysis is based on the obtained NaX and
liquid mercury flow measurements, the boiler NaK and mercury flow terminal
temperature measurements, and the boiler NaK-shell-tube surface temperature
profile in conjunction with mercury flow passage pressure measurements located
at the boiler inlet and exit. Two additional pressure measurements in the
mercury flow passage are obtained by means of internally located pressure taps
in the plug insert section. "One is located at the preheat section end point,
The other is located at the plug insert vapor section end point. Test data

recordings used for test data reduction are contained in Appendix C.

In view of the limited number of mercury flow passage pressure taps, the
pressure gradients between PHbi_Pl’ Pl'Pg? and PE_PHbo are assumed to be linear.
The pressure measurements PHbi’ Pl’ P2 and PHbo were taken from the pressure taps
located at the boiler inlet, preheat section end point, plug insert end point and
the boiler exit, respectively. The NaK shell-tube outer surface temperature
profile representation is assumed to be identical to the mercury flow Passage
internal wall temperature profile. This assumption is based on the obtained over-
all thermal resistance value across the heat flow pass as determined from the
test and the analytically determined total resistance across the NaK film and the

tube wall. The comparison of these resistances shows that:

T
() =<« _EITl_Jr 23_(_
Test \'o "N W )
design

which means that (q") test > (q") design. Obviously, the available data on
tube wall thermal conductivity and the NaK side file heat transfer coefficient
determination method is in error. This consideration implies that the NaX side
film heat transfer coefficient is infinite, and the mercury tube wall heat trans-

fer resistance is negligible.

Linear correction of the measured NaK temperature profile was introduced
in the excess boiler superhea’ length. This correction was established from the
heat balance analysis where the net NaK flow and the NaK temperature drop due to

the external boiler heat loss were determined. For the average NaK flow rate usad
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in these tests the I'zX tTemperature drop due to external heat loss was approxi-
o . . X - , ) .
: mately 30°F. The boiler NaK shell-tubs skin thermocouple temperature measurements
at their best are estimated to be of % 2.5% accuracy with respect to total full-

! ) scal indication.

Test data reduction and analytical computations were conducted on the
IBM-7094 Model 2 computer. A detailed aralytical program for this purpose is
contained in Appendix B. The results are presented in tabulated form in

Appendix A,

The main items determined for each test point data set were:

i 1. Boiler heat balance

i 2. Plug insert preheat section geometric, dynamic, and thermal
parameters
3. Plug insert vapor quality section geometric and dynamic

|

i parameters
f 4. Plug insert section exit vapor quality

} 5. NaK temperatdre at liquid-vepor interface
6. NaK temperature in terms of vapor quality
7

. Plug insert vapor quality sSection local boiling thermal and
§ dynamic parameters

8. Unplugged tube vapor gquality section local boiling thermal and
i dynamic parameters

9. Plug insert vapor quality section mean thermal parameters

10. Unplugged tube vapor quality section mean thermal parameters

11




VI. DISCUSSION OF RISULT

The results of the test data reduction are evaluated in the light of
proposed drop-wise drywall boiling heat transfer and two-phase flow pressure drop
correlations. These correlations are based on mercury nonwetting characterisiics
which are the principal cause for the dropwise two-phase flow regime in the boiling
section, To obtain the predicted boiler performance characteristics in accordance
with this design approach, the experimental evidence indicates that the initial
physical and/or chemical cleanliness of the wall surface in the mercury flow
passage prior to mercury injection is of particular importance. Aside from the
thermal and dynamic conditions at the liquid-vapor interface and in the vapor flow
quality region; which are necessary to promote effective mercury vaporization, the
obtained boiling heat transfer characteristics as represented by the NaK tempera-
ture profile, can be better or worse than those predicted by the dropwise drywall
boiling theory. The boiler performing in accordance to these design expectations
is said to be in a conditioned state, The boiler exhibiting better heat transfer
characteristics is said to be in a partially-wetted state; the boiler exhibiting
poorer heat transfer characteristics is said to be in a deconditioned state. When
intermittent physical wetting on ths mercury flow passage walls occurs, the boiler
is said to be in a partially-wetted state, Partial wetting was observed on the plug
insert surface when the plug insert was removed from our test boiler after 96 hours
of operation. A typical NaK temperature profile for a deconditioned boiler is
depicted in Appendix C, Figure C-1, The same boiler exhibiting fully-conditioned,
or partially-wetted boiler heat transfer charscteristics is shown in Figure C-l4,
The reason for obtaining the boiler NaK temperature profile as shown in Figure C=4
can be attributed to significant changes ozcurring on the mercury flow passage wall
surface, The physical and/or chemical changes occurring on the material surface

are only pcorly understood; and require further investigation.

Initial test results as depizted in Appendix C,; Figures C-1 through C-7, are
of a qualitative nature. They show the effect of the ligquid-phase velocity in the
boiler preheat section on the overall boiler psrformance, Figures C-1 and C=2
depict a typical NaK temperature profile for a deconditiones boiler during the

initial test run when the liquid-phase velocity in the helical flow passage was

12




0.8 ft/sec. Nonmesasurable improvement in the boiler conditioning effect was ob-
served during several hundreds of hours of operation under a nominal SNAP-8 boiler
NaK inlet temperature schedule. The same boiler, when restarted with a revised
preheat section plug insert geometry providing a liquid-phase velocity of 6 to 7
ft/sec, exhibited effective mercury flow passage conditioning immediately., Also,
the projected NaK temperature profile approached the design conditions very rapidly.
Figures C-3 and C-4 show ths progress in conditioning 4 hours and 20 hours after
mercury injection, respectively. The boiler restart, (Figure C-5) with the same
plug insert gecmeiry, did not indicate any boiler performance degradation. A sub=
sequent test run (Figure C-6), with the original preheat section plug insert,
'providiﬁg 0,8 ft/sec liquid-mersury velocity, still produced conditioned boiler
performance characteristics. This evidence shows that once the tube surface is in
a conditioned or wetted state, the liquid-velocity level in the preheat section is
not of particular importance, Examination of the NaK temperature profiles (Figures
C-6 and C-5) and associated test data reveals that the difference between the two
plug insert geomstries tested can be detected in the slope of the NaK temperature
profile and in the boiling termination point. A tight liquid phase plug insert
geometry combined with a similar low vapor quality region seems to be the right
design approach for a high performance "once through" type boiler. Once the fully
conditioned or even wetted mercury flow passage state is established, the boiler
can also be operated without a plug insert. This condition is shown in Figure C-7,
where the slope of the NaK temperature profile reflects boiling heat transfer rates
comparable to those obtained with plug inserts. However; in the unplugged boiler
this heat transfer is accompanied by excessive oscillations in boiler exit pressure
and flow, It is postulate! that nucleation sites were developed in the mercury flow
passage plug insert regions during previous boiler test runs, vhen the elevated
velocity plug insart geometries were tested., Thus, the boiler inlet and tube
section; without a plug insert, was operating under a convective nucleate boiling
heat transfer regime,

Test data point sets as shown in Appendix C, Figures C=8 through C~36, are
representative of the obtained NaK temperature profiles and the associated primary
and secondary working fluid operating parameters utilized in the test data reduction

program. The results of this reduction are presented ir tabulated form in Appendix A,
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The calculated heat loss values as obtained from the heat balance closurs
are in the range from 1 to 1A% of ths total heat input. This discrepancy can be
attributed to inaccuracies in tempsrature measurements or their corrections; e.g.,
the boiler NaK temperature drop error of = 10°F results in a heat loss error of
+ 1.26 kw. The boiler heat loss was also determined on the basis of boiler opera-
tion at zero mercury flow and different NaK flow and temperature levels. The

estimated heat loss value is 2 to 2.5 kw or 9 to 109 of the total heat input.

Similar parametric data point scatter resuited from the boiler thermal and
dynamic test data analysis, which can also be attributed to the inaccuracy of the
boiler instrumentation. The most critical areas in this regard are the establish-
ment of the true mercury temperature and pressure conditions in the boiler plug
insert section. The point of particular interest is the determination of the
liquid-vapor interface location in the boiler. To perform a detailed test analysis
in this area, a much more sophisticated instrumsntation technique is necessary.

A typical and desirable boiler test data repressntaticn in conjunction with such

an instrumentation is depicted in Figure 6.0-1. This representaticon implies that
several mercury flow passage temperature measursments in the prshsat (TPH) ard

low quality vspor section (TS, T ) as well as the exact mercury flow pressure (P )
ard NaK flow temperature (T ) proflles must be experimentally established., In
accordance to this diagrim, the ligquid-vapor interface locatisn (LOO) is determined
when TSOO’ TNOO and POO are projected as the point LOO on the abscissa., Our
experimental boiler instrumentation is not providing this type of test data repre-
sentation. Because of these limitations, the tesh data evaluation was performed on
the basis of several assump“ions in corjunction with trial and error meth-ds wherever

the available test data were not sufficient to suppcrt the analysis.

These assumptions are in the form of cor rections in the curvature of the NakK
temperature profile and the mercury pressure profile. They are further based on
plug insert liquid and lew vapor quality section calibrations. These calibrations
provided pressure drop data, which were utilized to determine the liguid and gas
flow frictional pressure drop factors for the different plug insert gecmetries
tested. In making these calibrations, ligquid ard vapor flow rates were regnlated
50 as to maintain the same Reynold's number range as that existing in the boiler
when operating under normal conditisns. The results of liguid flow calibrations

are shown in Table 6.0-1.
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The Darcy type pressure drop correlation for two-phase turbulent flow was

used to determine the product @ f, > where

¢ - APTP - APTP
D — 2 AP
£ e (x G) v

1
VL 2g e

The product ¢ f, 1s correlated in terms of the Martinelli-type parameter

‘8
= X G De by e x
be Po 1-%

which is determined from an incremental local boiling heat transfer analysis.

] fv versus )\ is plotted separately for plug insert section and unplugged tube
section geometries. Figure 6.0-2 shows the low vapor quality (up to 15%) pressure
drop correlating parameters, when the vapor quality region next to the liquid-vapor
interface enters the plug insert preheat section. Figure 6.0-3 shows the same
correlating parameters for the plug insert vapor quality range from O to 80%. The
data in Figure 6.0-3 were fitted by least sgquares analysis providing the average

curve

Gr = 8T,

The average two-phase flow pressure drop factor is determined from the above curve

using
g
¢ - —E?:[

v

where fv is obtained from N2 gas flow tests carried out in a Reynold's number
range corresponding to 100% vapor flow. Figure 6.0-4 shows a similar plot of data
points in the unplugged tube section for the vapor quality range from 20 to 100%.

A least squares analysis of the data predicted a curve for best fit given by

2
in @ f, = 16.06 -~ 2.224 4n ) + 065 (2nr) .

The comparison of two plug insert geometries in regard to their pressure drop in
terms of plug insert end point vapor quality is illustrated in Figure 6.0-5.
Curve 2 as compared to Curve 1 shows that excessive boiler pressure drop may result

when the plug insert length is overdesigned. In the case of oversized preheat

15
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section plug insert length and tight pitch helical flow passage geometry, early
vapor generation may occur in the preheat section. Under these conditions the

total plug insert pressure drop ray reach undesirable proportions (Curve 3 and 4).

The magnitude of the obtained initial beiling heat fluxes in terms of the
temperature difference at the liguid-vapor interface location is plotted in
Figure 6.0-6. 1In view of the wide scatter of the test data the points can be
approximated in the form g" = const. Aﬂbo, which is a linear function with a 45°
slope. This interpretation would indicate that convection vortex type boiling
was induced from the liquid-vapor interface location by the elevated liquid phase
velocity.

The vapor quality section thermal and dynamic operating parameters in
dimensional and non-dimensional form were debermined on the basis of local boiling
heat transfer and two-phase flav pressure drop correlations in 203 vapor quality
increments. To check out and compare these results with the dropwise dry wall
boiling theory the obtained local boiling mean temperature difference (AIM) of
each quality increment was considered in the lizht of boiling heat transfer
design correlations for the purpose of determining whether it was in the contact,
intermittent contact, or film boiling regime. These results, as well as the results
of the analysis of the overall heat transfer in the plug insert section and the

unplugged tute vapor sectién, are tabulated in Appendix A.

For each vapor quality increment (A¢ = .20) throughout the length of the
boiling section the calculated mean heat fluxes are plotted in terms of the mean
temperature difference between the Nak temperature and the mercury saturation
temperature. The mesn NaK temperature of each guality increment is determined
from the boiler NaK temperature profile. The mercury saturation temperature is
determined from the mercury flow bassage pressure representation in the same
quality increment. Plots of the obtained local boiling heat fluxes at mean vapor
qualities of 10, 30, 50, 70 and 90% in terms of mean temperature differences are
shown in Figures 6.0-7 thru 6,0-11, respsctively. The data scatter diéplay was
analyzed by least sguarss techniques to obtain curves of best fit. The results
of this enalysis are shown graphiczlly as well as anzlytically in the figures
indicated above.

The results of 1local boiling heat transfer representation as discussed

above are further differentiated into boiling occurring in the plug insert section

16



boiling regimes as defined by the dry wall dropwise boiling correlations.

(1)

1 correlations are:
Contact boiling:

1 \R 27, 1/3
_1 2 f D vy (A-x)
Nuc =35 Nu6 i 7 :
3 4 v ) Of *

Intermittent contact boiling

A 2
k h L/3
- 4 v _o DG _fv Mv
Nup, = 234 C <kf> <D > (tan Il N,M> (1-x) x

Film boiling 2/
l .
6 /3 D 4/3 DG Py Ney uy l—xl2/3
Mp = o) e V£
o) iy Pr ®v *u X

The boiling regimes are determined by equating NuC = Nu

solving then for AQh = ATCP accordingly. These solutions are:

[eg)

and Nu

1 k3 1
2 WE oy D& 2
he o C (7488) (kf) (uv) tan ¢ (1-x)* x
3/2 o %
k, ) GH
o) f

AT

cr-1 -

1if cwcr-l:> [TM — use contact boiling regime.

If chr—l <:/_\TM —>» calculate ATC -

I'-c

3/k [k 1/2
no. 936 (k—v> (Qg‘)(tan o) (1-x) x
= ¢ fv By f Py
Mer-2 k, Tk o 372 o, 172
6 g—) (E*)
o £

)

If imcr—Z >-£TM —> use¢ intermittent contact boiling regime

If AT ., <ATy —= use film boiling regime.

2
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and bolling occurring in the wnplurred tube section. The data points of each

quality increment of these czections were considered in the light of different

1c 1c = NuF and



The empirical constants taken from Refsrence 1 are:

o C Nu‘S
0<x < b 43 2.3 -
A< x <1l.0 1.00 3.0 -
0 <x <l.0 - - .8

These values werc uscd to plot the design curves (q" vs., zlh) superimposed on the
test data plots. The results of these considerations are depicted in Figures 6.0-12
thru 6.0-19. - ‘

Figure 6.0-12 shows the test results in relation to the design expectations,
The curves Nu6= 5S4 ani C = 2.0 arc derived from the test data and suggest a

more conservative design approach in this plug insert mean quality increment.

Figure 6.0-13 shows similar comparison of expected and obtained boiling heat
fluxes at X = .30 in the plug insert section. The design curves Nu = .8 and

6
C = 2.3 are in good agreement with the test results.

Figure 6.0-14 shows the heat fluxes obtained at X = .30 in the unplugged
tube section. The design curve C = 2.3 as well as the curve derived from test

data are in close agreement.

Figure 6.0-15 shows the test data at X = .50 in the plug insert section.
The design curve Nu6= 1.26 derived from the test data is considerably higher
than the one used for the design prediction. This may be attributed to the dynamic
two-phase flow conditions existing in this mean quality section of the plug insert.
The vapor flow helical velocity at X = .50 is in excess of 100 ft/sec. Considerable
radial acceleration g forces could, therefore, be induced on the liquid droplets
carried by the vapor. Consequently the contact area of droplets at the tube wall

is increased because of droplet deformation or breask-up.

Figure 6.0-16 depicts the test results at x = .50 in the unplugged tube
section. The design prediction curve C = 3.0 and the average curve C = 3.1,

as derived from the test data, are, however, in close agreement.

Figure 6.0-17 shows test results at X = .70 in the plug insert region. It
refers to results similar to those showm in Figure 6.0-15., Both cases are accompanied

by relatively high pressure drops through the plug insert vapor quality region.

18



Figure 6.0-18 provides the results at X = .70 in the unplugged tube section.
These heat transfer data can be represented by a local intermittent contact boiling
regime at C = 3.6. The design predicticn using C = 3.0 is still a good conserva-

tive design approach.

- Figure 6.0-19 shows that test data at X = .90 fall below the expectation
of the film boiling regime. This can be explained by test data inaccuracy and

error introduced by the estimation of the boiler length at the 100% vapor quality

" point.

Typical boiling heat flux representations at SNAP-8 operating conditions are
shovm in Figure 6.0-20. These curves indicate that heat transfer effectiveness and
thus the boiler vapor quality section length is dependent on boiler NaK inlet
temperature (TNbi) and the NaX temperature drop (ATN) thru the boiler. The minimum
boiling length occurs under a high boiler NaX temperature schedule, which is shown
by curve A. The maximum boiling length, as shown by the available heat fluxes of

curve B, occurs under a low NaK temperature schedule.
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CL-4 BOILER TEST
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CL-4 BOILER TEST
TYPICAL BOILING HZAT FLUX REPRESENTATION
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VII. CONCLUSION3

The introduction of a preheat ssction plug insert providing elevated liquid
.phase velocity at the liquid-vapor interface location deronstrates significent
improvemsnt in the boiler conditioning effect. As shown in Appendix C, Figures C-3
thru C-5, the obtained boiler liaX temperature profiles are approaching the design
Prediction indicated in Figure C-3., It is postulated that elevated liquid phase
velocities at the liquid-vapor interface significantly reduce or even completely
eliminate the convective mercury boiling transition regime betwsen the liquid-

vapor interface and the fully established two-phase vortex flew pattern.

The boiler conditicning time is apparently dependent upon the cleanliness
of the internal wall surface of the mercury flow passage. To define the surface
cleanliness in conjunction with boiler conditicning effect, a better understanding
of surface physics and chemistry is needed. Up-to-date experience suggests that
tight plug insert geometries provided in the boiler preheat section, as well as
in the low vapor quality section are capable of accelerating the boiler condition-
ing effect by several orders of magnitude when the boiler mercury flow passaze is
cleaned by established(h) methods prior to mercury injection. This method iavolves
flushing with strong caustic solution; follewed by flushing with Alionox detergent
solution.

The test of two tight preheat section plug insert geometries providing liquid
Phase velocity of 4.5 and 6.5 ft/sec at the liquid-vapor interface accordingly
resulted in very stable boiler performance characteristics. As compared to a loose
preheat section plug insert geomstry (uL = .8 ft/sec) , the tight plug inserts
demonstrate reduction in boiler exit pressure fluctuations by an order of magnitude;

€.g., the comparative boiler exit pressure fluctuations are + 10 and * % psia,

Most effective boilin;; heat transfer was obtained from extended length plug
insert geometries (Test runs No. 5, 7 and 8) where the plug insert end point vapor
quality and vapor phase velocity were up to 807 and 180 ft/sec, respectively, at
high NaK temperature schedules. At low Nak temperature schedules the same parameters
were found to be 45% and 100 t/sec, respectively. Aside from the high pressure
drop penalty, it is felt that under these dynamic conditions most effective mist
or even fog flow can be expecsed at the plug insert end point and thus the droplet
carry-over thru the excess superheat length is minimized. It is obvious +hat high
vapor flow velocity; e.g., 180 ft/sec, at the plug insert end point provides

elevated vapor flow velocity; e.g. 40 ft/sec in the unplugged tube next to the
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plug insert end poini. Thus effective vorbtex fiow tekes place in the unplugged
tube. As a result of droplet raiial acceler ation in this flow regims the droplets
are forced against the tube wzll and effec ctively vaporized.

In accordance with the e*gLy vortot two-phase flow establishment definition
by means of Weber number (e = ““—;;—J;ﬁ as proposed by Reference 1; e.g.
Py uvz.__lh2 5 @ certain vapor phase velocity (u ) mist be obtained in order to
carry droplets of diamster SR in the vapor SbT8¢M. In the case of low liquid
phase velocities (uL = .8 ft/sec) the initial boiling is under the influence of
the 1 g gravity field because of the absencs of sufficient liquid and vapor phese
velocity effects. Considerable transition length accompanied by liquid slugging

!
is needed until z fully develeped vortex two-phase flow regime (uvzz.i%ig )

v
is established. In the case of elevated lic quid phase velocities (uL = u, = 6.2 ft/sec)
the liquid-vapor interface disintegration and initial boiling ma2y take place in a
vortex type flow pattern, where the liquid spheroids are forced against the tube
wall thus producing effective initial vapor generation. This design approach
suggests that elevated lisjuid phase velocities (u ) at the llquld-vapo¢ interface
location initially accelerate the highly dﬂflclent vapor phase (X —» 0), simulta-
neously promoting effective boiling heat transfer rates. The latter in turn do

elevate the vapor phase velocit ty (u —>'uL —’)uv—cr = %ég causing finally the
. v

entrainment of liquid drops into the vapor stream. It is postulsated that this
early vortex two-phase flow boiling regime is desirable for boiler operation in

z2ero or adverse gravity environtents.

The two-phase flow pressure data, as shown in Figures 6.0-2 thru 6.0-4,
are in non-dimensional form, and compare reasonably well with similar data scatter
in Reference {1). It is therefore felt that these results can be used to evaluate
the pressure drop conditions of other tute sizes and plug insert geometries considarsd
Jfor SNAP-8 and similar Rankine cycle power conversion sysiems. Empirically deter-
mined gas flcw friectional Pressure drop cosfficients are permitting the znalysis
¢f two-phase flow pressurs dro‘ using the Martinelli parameter for relatively
complex flow passage gsometries,

21



The results derived from an analysis of the local boiling heat transfer
test data reveal reasonable agresment with the dropwise dry wall boiling formula-
tion as proposed by Reference (1). The boiling heat transfer rates can be ade—
quately predicted from propossd ssmi-empirical corrslation. The test data comari-
son with the reference information is shown in Figures 6.0-12 thru 6.0-19. The
discrepancies ars primarily in the test data areas referring to the plug insert
vapor quality section. These discrepancies are caused by the introduction of
the helical flow passage geometric values into the referenced boiling heat trans-
fer correlations. These correlations were established for round tubular flow
passages with swirl wire in them. The plug insert section flow passage can be

analytically treated on the basis of its equivalent or hydraulic diameter only.

The inaccuracies in NaK temperature profile interpretation and in analytical
estimates in lieu of missing test information are the primary reasons for the test
data point scatter. The instrumentation difficiencies were particularly felt in
the boiler mercury inlet end region. The plot of mercury temperature rise in the
preheat section in terms of mercury tube length was not available. Consequently,

the true pesition of the liquid-vapor interface could not be established.

T

The existing NaK loop flow and heat input capacity placed serious limitations
upon the scope of the test objectives. The boiler operation, therefore, was
limited to 80% of its design capacity. The test results also show that the length

of this boiler has been overdesigned by at least a factor of two.

22



VIII. BECOIIEIDATICN

To eliminate boiler deconditioning, means must be provided to prevent oxida-
tion of the tube wall or the entrance of oil or other substances into the mercury

tubes during the system's assembly, operation or shutdowm.

Clarification is needed in regard to mercury liquid and vapor phase thermal
conductivities to be used for the SNAP-8 operating conditions. As can be seen

from proposed semi-empirical correlations(lﬁ the Husselt's number for intermittent
contact boiling regime is proportional to (Kg)h . Comparison of Reference (3)

data with VADD data indicates significent differences in their numerical values;
k& k.4
=1 -
e.g., (EI) . = l1l9x10 *2; (EE) = 6.0 x 107,
f Ref.(3) £ WADD

12

To investigate the boiler's off design operating characteristics, the nominal
NaK loop flow rate and heat input capacity have to be overdesigned by a factor of
2 and 1.25, respectively.

Long duration continuous tests up to several thousands of hours are required
on SNAP-8 boilers to establish the time effects on beiler performance and their
structural reliability.

More sophisticated instrumentation is required to investigate and define
the thermal and dynamic design aspects in the boiler plug insert section. These

requirements can be detected from the curves shown in Figure 6.0-1.

In order to verify the derived non-dimensional boiler design formulations
additional experimental boilers of different mercury flow passage sizes and
internal geometries should be built and tested under SNAP-& operating conditions.
The evaluation of these results shows uncertainties arising from limited instru-
mentation, in regard to true liquid-vapor interface location. True tempersture
and pressure profile reprzsentations must be obtained throughout the length of

the boiler plug insert section.
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NOMENCLATURE

Constant

Mercury tube diamster

Equivalent tube dismeter

Flow friction factor

Specific mass flow

Standard acceleration at sea level
Heat transfer coefficient

Latent hea%

NaK side film coefficient

Thermal conductivity

Tube materisl thermal conductivity
Axial tube length

lusselt number

Dreoplet lusselt number

Mercury inlet pressure

Mercury unit pressure

Pressure at ligquid vapor interface
Preheat section end point pressure
Plug insert end point pressure
Heat flux

Reynolds number

Log mean radius

Tube outside radius

Tube wall thicknsss

Temperature difference at liquid-vapor interface

NaK temperature at x =0

Saturation temperature at liquid-vapor interfacs



i

IC

M

cr

NOMENCLATURE (Cont.)

Overall heat transfer coefficient
Vapor quality, vapor weight/total weight

Mean vapor quality

GREEK SYMBOLS

Swirl wire angle

Nu (actual)/Nu6(film—sphere)

Initial droplet diameter, swirl wire diameter
Martinelli correlating parameter

Density

Two-phase flow pressure drop factor, [PTP/APV

Viscosity

SUBSCRIPTS

Contact boiling

Film boiling

Intermittent contact boiling
Mean

Two-phase

Critical
Liquid at saturation temperature

Vapor



APPENDIX A

RESULTS CF CL-4 BCILER TEST DATA REDUCTION
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APFENDIX B

CL-4 ROILER T&EST DATA REDUCTION PROGRAM




CL~4 BOILER TEST DATA REDUCTICH PROGRAM

The test data representation as provided on the NaK temperature profile
recording sheets (Figure B-1) was utilized to reducs these data and establish
the boiler thermal and dynamic operating parameters in dimensional and non-
dimensional form for each data point set. The test data reduction program as
utilized with the IBM-7094 Mod., 2 conputer consists of two steps. The first
computer input step provides the heat balance and the boiler overall thermal
and dynamic operating parameters. These results in conjunction with NakK
temperature profile representations are then used to generate the second
computer input set (Figure B-2), which comes into the program just prior to
equation 75. This results in the determination of the thermal and dynamic
operating parameters in dimensional and non-dimensional form for the boiler
preheat and vapor quality sections. The vapor quality section analysis was
performed on a local boiling heat transfer basis by dividing the section into
20% quality increments. The mean boiling heat transfer parameters in the

plug insert section and the unplugged tube section were determined as well,

T T N S e e e e £y 8 T S S r i 0 8 i ki i et g i e oot e = om0 S S oy ae - ereas mm o <



FIRST INPUT SET

D .

s in. - Boiler tube ID
wi , in. - Machined plug insert thread width
hi , in. - Machined plug insert thread height
60 s in. - Wire diameter
Py > in. - Plug insert wire or thread pitch in preheat section
Py » in. - Plug insert wire pitch in vapor quality section
p3 s in. -  Unplugged tube wire pitch
ALpl 5 in. - Preheat section plug insert length
ALp2 » in. - Vapor quality section plug insert length
8, » ih&:iﬁ s - Gravitational constant
bf-sec
Wy s lbm/hr» - NaK flow rate
TNbi s °F - NaK inlet temperature
TNbo s °F - NaK exit temperature
ATN R °F - NaK temperature drop
w 5, 1bm/hr - Mercury flow rate
Thbi s °F - Mercury inlet temperature
THbo s °F - Mercury vapor exit temperature
PHbi s psia - Mercury inlet pressure
P, , psia - Mercury pressure at preheat section end point
P2 , psia - Mercury pressure at plug insert end point
Pﬁbo > psia - Mercury pressure_at boiler exit
APPH , psi - Preheat section pressure drop
APx , psi - Plug insert vapor section pressure drop
TN-2 s °F -~ NaX temperature at plug insert end point
fg-PL’ — Frictional pressure drop coefficient for all vapor

flow in the plug insert vapor quality section 3-2



HEAT BALANCE

1.

10.

11.

120

WN-HL

Y Net

PREHEAT SECTION

13.

tan oy

sin o
1

21 Wy ATN

f(PHbo)

Ty = Tips
Too™ To

.0325 v AQB

f (12)
Vo 6

.025 1 ATl
'

+ g, +
Q5 Q7 Qg

Q- q2
3413
3413 910

.21 ATN

WN - 'Wll

|

Btu/hr
°F

°F

°F
Btu/hr
Btu/1lbm
Btu/hr
Btu/hr
Btu/hr

kwr

1lbm/hr

lbm/hr

in.

ft

Fig. B-13

Fig. B-4 Re: 1

1



18.
19'

20.

22'

23.

25.

26.

27.

28.

29.

30.

31.

32.

PH-1

PH-2

S-1

Pr1 =

Y1 o

Cp_LM

9py

£(Tyq)

14 x 2ge Deyg

T
AL'zo

£(Tye)

w e (T..-T )
Py 23 'Hbi

ft
ft
ft

Tbm/hr_ft2

1bm/sec—ft2
°F

lbm/ft>

£t /sec
°F

lom/hr-ft

lbm/hr-ft

P29 APy

2
G22

Btu/1bm-°F

Btu/hr

Fig. B-4

Fig. B-1

Fig. B-6

Fig. B-1

Fig. B-5

Re:

Re:

Re:

Re:

Re:



33. ATy py

34. Tnoo
35. ki o
36. Pr

PLUG INSERT VAPOR

935
21 w12

+
TNbo AT33

f(T26)

°p31 P27
k35

QUALITY SECTION

37. tan o

2
38. sin o,
39. cos a,
40. 2,
L. As
42. Pw-x
L3. De_
L. AL',
L5. Gey
L6. ¢,
7. AT
48, Uy

°F
°F

Btu/hr-ft-°F

ft
ft
ft

ft

1bm/hr-£t°

lbm/sec—ft2
°F

Btu/hr
B-5




49. TS-2 =
0 T T
5. x~-fv-M =
52. Xpr, =
53. pv_z =

Sk uv—PL—z -

UNPLUGGED_TUBE VAPOR

P53

QUALITY SECTION

55. Ay =
56.  tan @y =
51. G_ ., =
58. G ., =
5. u_po 0=
60. h, . =
6. g, =
62. ATy o =
63. Ay g =

)i 2
L % 144 0
m_
Py

W

Ass

sy

3600

x ”~

752 758
P51

£(T)9)

Q1

.21 wis

ATA7+AT62

°F Fig. B-4 Re:

°F

Btu/lbm Fig. B-13 Re:

Tbm/ft7

ft/sec

ft

1bm/hr_£t2

1bm/seq—ft>
ft/sec
Btu/lbm
Btu/hr
°F

°F



6. TNlOO = T314-+ AT63 °F
65. Mype ATTél °F
66.  qg = qgtay Btu/hr
:
| 67. Upax ?'g‘é— Btu/ﬁr
68 T n= T t AT oF

69.  Typo= Tes" ATy °F
0. Tyo= Teat 2Tgs °F
TL Tygo = Tgg t 3074 °F
72, Tyao = Teg t 4T °F
3. Tnoo ™ Tes T T F
‘ . ¢ = T ' £
| PREHEAT SEGTTON
75. Mg = Loy - 5 £t
| - 6. Ay = Gy Olos £t2
7. Tge = £(Pgo) °F " Fig. B-4 Re: 1

i

78.  qpy, = 0325w (T77- Tgpy) Btu/hr

B-7



79.

80.
8l.

82 .
83.
8l,.

85.

86.

8s.
89.
90.

91.

92.

PH-M

8Py

AT

a
18 Btu/hr-£t2

hae
Mo ™ THobi °F
Tyoo = To7 F
Bgo = 8Tgy .
F
4n 80
NTg,
q" 2
KTZQ Btu/hr-ft<-°F
82
De by
k35
+
Tips ™ Tp7 op
2
£(Tg,) 1bm/ft> Fig. B-1 Re: 1
f(T85) lbm/hr-ft Fig. B-6 Re: 1
Gl De__
l-"87
Poi~ Foo
. P APgg ALog

B-8

77 °F



MEAN QUALITY INCREMENT

93.
94.
95.

96.
97.
98.
99.
100.

101,

102 .

103 L]
- 104.

105.
106.

107.

+
- *n " %o
2
ox = *n+1 ~ *n
AL = L - L
Xn+1 *n
0P = P -P .
+
P = Pn Pn+l
M 2
T+
T = -Nﬁb———NicEil_
N-M 2
= L
Az = Cq Blgs
Ze
g’ = x 367
X Koo
Toy = f(P97)
ATy = Tog ~ Tyon
q"loo
h= 7
102
pp = £(Tyq)
oy = f(Tygy)
b, = £(Tyg)
b, = H{Tyy)

ft

psi

psia

°F

ft

Btu/hr-ft

°F

°F

Btu/hr-£t°~°F

Tbm/ft>

1bm/£t°

1bm/hr-ft

1bm/hr-ft

2

Fig, B-4 Re: 1

Fig. B-1 Re: 1

Fig. B-6 Re: 1

Fig. B-11 Re: 1
. 5o



108, kL =
109, kv =
110, AL' =
111, f =
2 g
112, Re =
1n3. ¢ =
114. A=
116. hfv =
117. K =
118. ATcr_1 =
Note:

f(TlOl) Btu/hr-ft-°F

f(TlOI) Btu/hr-ft-°F

ft

_ 1.8

.8 P17 Pio, *o3
112 By06 P15 155,

Re

De h103

K109

£(T Btu/1bm

lOl)

b6 My
K109 8T305

Fig.

B-7 Re: 1

Fig. B-12 Re: 1

Fig.

B-17 Re: 1

2 2 3 =
hi1g Bygy O (7488)° (k109/k108) Reyyp B (1% o))

Nf=

X,

23

09" & P104
If ATll8‘> AT102 use Eq. 119
1t ATll8'< AT102 use Eq. 120

B-10



_ 1/2
32 Null 5

119, Nu, = —= 73
6 /k)(lQD‘*)( foro) o2
(k1 08 109 P105/P104’ T %
93
3/k 3 _ Y2
120 AT -3k AT (936) (k109/k108) R8112 Ei (1—x93) X954
) cr-2 x 117 7102 1/ 12 De 3/2 1/2
6 (= 9105/9104) B
Note: If AT120 > AT102 use Eq. 121.
If AT),q< ATy, use Eq. 122.
| 1/L
N
X
.LOQ 2 2 2 (= -
234 (¢ ) (12 De) Bx Repip Kpip” (U)X,
L Nu
122, 8 = 115 » 573
6 112 pth 117 3?93
PLUG INSERT VAPOR QUALITY SECTION
123. ALy = Ly - Ly, : ft.
L L £t2
q
125. " = A Btu/hr-£t2
124
126, Tgampr = £(B) . °F Fig. B-4 Re: 1
1 = 18 R 1bm/£t>
2. Poapr T 87 53550
126
128. B gpp = £(7) ) 1bm/hr-ft Fig., B-11 Re: 1
_ L, ,
! = 223
129. AL PL-x  cos oag fr

B-11



0 S e A .
. ———..

130.

131,

132,

133.
134.
135.
136.

137.

Wl

Xpr, - 2 %5
(F £ )y = 144 %8¢ Du3 prex P17
g'fL A X, .. G ,)?
Lyog (X130 G
G _D
Re = _AL.e—liL
PLx  Byag
p = £(1,.,) 1bm/ft>
L-MPL-x 126
ML MPLox f(leé) 1bm/hr-ft
-1.8
\ - pe. 8 H108 P133 %130
MPL 132 g 1y =
AMyprx = Tos ~ Ti26 F
1
_ Y5 2,
hprx T AT) 56 Btu/hr-£t"-°F

UNPLUGGED TUBE VAPOR QUALITY SECTION

138.

139.

140.

141.

142.

143.

Mgprx = Tico T L £
A 2
PL-x = AL
UPL-x Cry, Mg £t
9% 2
n
q = - Btu/hr-ft
UPL-x A3
Tsampn = f(Piypr) F
o = 18.7 TM-UPL Tbm/ft°
P - . + O
v-MUPL T .t b6
_ 3
ppamer, = £(Tun) Lom/ft

Fig. B-1 Re: 1

Fig. B-1

Re: 1



L. M MUPL

5. v e

6. (g tupr =

147. Re

G

2chAP

1bm/hr-ft

Ibm/hr-ft

UPL P11

12

D

Alypr, (RyppGsg)”

= 1.8

148, A = Re .8 ulld; plAB JcUSLM
W7 w5 Pl TFypry

9. ATM—UPL

150. h =

°F

Btu/hr-ft2-°F

Fig. B-11 Re: 1

Fig., B-6 Re: 1

B-13

o v T s s g e pomproron

TR mree momiow S e i e -




Reference

1.  Properties of SNAP-8 Fluids, NaK and Mercury, ET-378, March 1964,
Aerojet-General Corporatiocn.



NOMENCLATURE

Area

Circunference, also a constant

Specific heat at constant pressure

Equivalent tube diamester
Geometric constant
Friction factor

Function of ( )

Specific mass flow

Heat transfer coefficient

Latent heat

( p'v hfv )
kv ALm

Thermal conductivity

Helical flow passage width in preheat section

Helical flow passage width in plug insert vapor section

Axial tube length

Flow passage helical length

Nusselt number
Droplet Nusselt number
Pressure

Pressure drop

Wetted perimetef

‘Peclet number

Prandtl number



w8

2k

NOMEHCLATURE (Cont.)

Heat transfer rate
Heat .flux

Reynolds number
Velocity

Mass flow rate

Vapor quality

Vapor quality increment

Mean vapor quality

Ax
.20



GREEK SYNMBOLS

Swirl wire angle

Nu (actual)
NU.6 (film-sphere)

Martinelli correlating parameter

Droplet diameter, Swirl wire diameter
Density
Viscosity

Two-phase flow ration APTP/APv



Hg

(&3

M

PH

PL

SH

SM

UPL

cr

SUBSCRIPTS

Boiling

Flow cross-section
liercury

Heat loss

Liquid

Mean

Nak

Preheat seccticn
Plugged section
Saturation
Superheat section
Saturation-llean
Tube

Unplugged section

Corrected

Critical

Liquid at saturation temperature
Gas, vapor

Inlet

Cutlet, exit

Vapor

Plug insert vapor quality section

Vapor quality section in unplugged tube



Unless otherwise indicated, numerical subscripts refer to

SUBSCRIPTS (cont.)

numbered equations.

Exceptions:
-1 -~ Refers to the point at which Pl is measured
-2 - Refers to the point at which P2 is measured
00 - Liquid-vapor interface location
20 - 20% quality location
40 - 403 quality location
60 - 607 quality location
80 - 80% quality location
100 - 100% quality location
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